It has been suggested that human spermatozoa contain an NADPH oxidase that could generate reactive oxygen species involved in signalling pathways to promote fertility. The proposal depends on observations that the addition of NADPH to purified human spermatozoa stimulates chemiluminescence by the superoxide (O 2 -) probe, lucigenin. We confirmed these observations, but demonstrated that lucigenin increases NADPH consumption by spermatozoa and stimulates artefactual O 2 -production via a diphenyleneiodonium (DPI) sensitive flavoprotein. In the absence of cytochrome c, DPI-inhibitable NADPH oxidation by permeabilized spermatozoa was 8 times too small to account for the rate of NADPH-stimulated cytochrome c reduction. Thus NADPH can directly reduce cytochrome c by a flavoprotein dependent mechanism making this O 2 -assay also unreliable in sperm suspensions. We were unable to observe O 2 -production by 40 ⍥ 10 6 spermatozoa/ml using electron paramagnetic resonance spectroscopy but could identify O 2 -generation from 2000 4β-phorbol-12-myristate-13-actetate (PMA)-stimulated leukocytes. Using spectrophotometry, we did not detect the reduced cytochrome b 558 component of the neutrophil NADPH oxidase in human spermatozoa. No hydrogen peroxide generation was observed using a sensitive Amplex Red assay. We conclude that human spermatozoa do not possess significant NADPH oxidase activity and that the mechanism by which NADPH promotes capacitation must be re-evaluated.
Introduction
in lucigenin-dependent chemiluminescence (LDCL) that was taken to reflect increased O 2 -production. NADPH-induced Reactive oxygen species (ROS) can act as signalling molecules chemiluminescence was inhibited by superoxide dismutase (e.g. Suzuki et al., 1997) and there is now much evidence to (SOD), a scavenger of O 2 -LDCL was unaffected by mitsuggest that sperm capacitation, hyperactivation and acrosome ochondrial inhibitors but was decreased by diphenyleneiodonreaction can be enhanced by ROS including the superoxide ium (DPI) and quinacrine, suggesting the involvement of a anion (O 2 -), hydrogen peroxide (H 2 O 2 ) and nitric oxide (Bize flavoprotein. Permeabilizing the spermatozoa by repeated et al., 1991; de Lamirande and Gagnon, 1993a,b, 1995 ; Griveau freeze-thawing greatly increased O 2 -production and oxidase et al., 1994 Aitken et al., 1995 Aitken et al., , 1996 Aitken et al., , 1998b ; Zini activity was localized to the plasma membrane (Aitken et al., et al., 1995; Leclerc et al., 1997; de Lamirande et al., 1998a de Lamirande et al., ,b). 1997 . It was also shown that the addition of NADPH or Contaminating leukocytes are the primary source of ROS micromolar values of H 2 O 2 promoted capacitation of human in unpurified sperm suspensions (Aitken and West, 1990;  spermatozoa and that both treatments induced similar Kessopoulou et al., 1992; Whittington and Ford, 1999) and changes in protein tyrosine phosphorylation (Aitken et al. , ROS generated by these leukocytes are responsible for the 1995, 1998b) . Hence, it was suggested that the putative deleterious effects of O 2 on human spermatozoa (Whittington oxidase could generate O 2 -to promote capacitation. Under and Ford, 1998) . However, spermatozoa themselves may physiological conditions, NADPH would be produced by produce low levels of ROS sufficient for a signalling role.
glucose metabolism through the pentose phosphate pathway. The mechanism of ROS production by spermatozoa is a Higher concentrations of NADPH were found to mimic pathomatter of much controversy. It has been suggested that human logical changes characteristic of oxidative stress (Aitken et al. , spermatozoa contain an NADPH oxidase similar to that 1998a; Twigg et al., 1998) . found in phagocytic leukocytes (Babior et al., 1997) . This
In contrast to the above observations, NADPH was shown proposal depends on observations using a lucigenin-based not to stimulate extracellular O 2 -production as detected chemiluminescence assay. Addition of NADPH to suspensions of highly purified human spermatozoa induced a rapid increase by 2-methyl-6-(p-methoxyphenyl)-3,7-dihydroimidazo [1,2-a] bodies against CD15 and the common leukocyte antigen, CD45. The pyrazin-3-one (MCLA) chemiluminescence, whereas addition beads were added in accordance with the manufacturer's guidelines of progesterone or ultrafiltrates of fetal chord serum, follicular and incubated for 1 h at room temperature with gentle agitation. Beads fluid or seminal plasma to human spermatozoa did so (de and bound leukocytes were removed with a magnetic separator and the Lamirande et al., 1998a) . NADPH promoted capacitation but purified spermatozoa pelleted by centrifugation (600 g, 10 min) before unlike the effects of progesterone and ultrafiltrates of biological being resuspended to the appropriate concentration in BWW medium.
fluids, this was not blocked by SOD. Recently, the absence of All preparations were challenged with 50 µmol N-formyl-methionyl-NADPH oxidase activity in human spermatozoa has been leucyl-phenylalanine (N-FMLP)/l as described by Whittington and reported by another group using a highly sensitive spin trapping Ford (1999) except that luminesence was measured in a 'Bertholdt technique (Armstrong et al., 1999) .
Microlumat LB96P' chemiluminesence plate reader. The absence of
Our study had two main aims: (i) to confirm the presence a detectable increase in chemiluminesence was taken to confirm successful removal of leukocyte contamination (Krausz et al., 1992) .
of an NADPH oxidase in human spermatozoa; and (ii) to investigate the regulation of its activity to ensure that the and Fridovitch, 1997 Fridovitch, , 1998 Vasquez-Vivar et al., 1997; (Jeyendran et al., 1984) was used to assess the integrity of the plasma Spasojevic et al., 2000) . In view of these considerations, we membrane at each detergent concentration used.
have tried to establish whether the putative NADPH oxidase ROS production by both intact and permeabilized cells (10 µmol activity of human spermatozoa is a genuine phenomenon or digitonin/l) induced by NADPH 1 mmol/l was also monitored in the presence of SOD 0.1 mg/ml (S2515, Sigma), catalase 0.2 mg/ml an artefact of the lucigenin assay method of O 2 -detection.
(C-9322, Sigma) or diphenyleneiodonium chloride (DPI) 25 µmol/l (10 mmol/l stock in DMSO, diluted in BWW medium).
Materials and methods

Measurement of O 2
-by reduction of cytochrome c Digitonin (high purity), D (ϩ) glucose and sodium hydrogen carbonate were purchased from BDH Laboratory Supplies, Poole, Cytochrome c reduction was monitored on a dual-wavelength optical plate reader (Tecan Spectra thermo) by following the increased UK. Dynabeads (M-450, anti-CD45 and CD15) were obtained from Dynal A.S (Oslo, Norway). All other reagents were purchased from absorbance of the α band at 550 nm using 540 nm as a reference wavelength (Jones and Hancock, 1994) . Assays were performed at Sigma (Poole, UK). Unless otherwise stated, reagents were dissolved in Biggers-Whitten-Whittingham (BWW) medium (Biggers et al., plates with shaking between cycles. Plates were prepared with all reagents and pre-warmed before addition of 1971) buffered with HEPES (20 mmol/l) and supplemented with polyvinyl alcohol (1 mg/ml) in place of albumin (Aitken et al., 1997) .~4ϫ10 6 spermatozoa to initiate the reaction. Sperm-free controls were prepared for each test. The signals from these were subtracted The pH of the medium was adjusted to pH 7.45 with sodium hydroxide.
from those of the corresponding experimental well so that only spermassociated reduction of cytochrome c was used for calculation of Sperm preparation O 2 -production. The extinction coefficient (∆E 550-540 ) was taken as 19.1 cm/mmol/l. Semen samples were produced by healthy donors and collected via Intact and permeabilized cells were incubated with NADPH masturbation into sterile containers. All ejaculates exceeded the 2 mmol/l and the effects of the addition of SOD 0.1 mg/ml or WHO criteria of normality (World Health Organization, 1992) . After DPI 25 µmol/l were also observed. liquefaction for up to 45 min at 37°C, spermatozoa were purified from seminal plasma by centrifugation on 40/80% Percoll gradients Measurement of NADPH consumption by spermatozoa (Ford et al., 1992) . Briefly, 1 ml semen was layered on each gradient and centrifuged (at 330 g for 25 min). The supernatant was removed
In the first series of experiments, NADPH concentration was monitored by following the decline in absorption at 340 nm using and pellets washed twice in 2 ml BWW (330 g for 10 min). The final pellet was suspended in 1 ml BWW and the round cell 410 nm as a reference wavelength. The maximum concentration of NADPH that could be used in this protocol was 0.3 mmol/l. To concentration estimated using a Makler chamber. Leukocytes were removed using magnetic Dynabeads coated with monoclonal antimeasure the oxidation of NADPH at concentrations comparable with those used in chemiluminescence experiments, the production of pre-warmed for 10 min in darkness. Then, 20ϫ10 6 spermatozoa were added and background fluorescence monitored for 5 min. NADPH NADP ϩ was determined. Intact or permeabilized spermatozoa (20ϫ10 6 /ml) were incubated in a total volume of 200 µl with NADPH
(1 mmol/l) or a buffer blank was added to the cuvette and the reaction returned to the incubator. Fluorescence was monitored for a further 1 mmol/l for 2 h in darkness at 37°C. Lucigenin 250 µmol/l, digitonin 10 µmol/l and/ or DPI 25 µmol/l were added to selected tubes. At 5 min at 10, 20, 30 and 60 min intervals. Parallel incubations were performed with BWW medium replacing spermatozoa. the end of the incubation, 100 µl of 1 mol perchloric acid/l were added to stop the reaction and destroy remaining NADPH before transferring the tubes to ice. Control preparations were acidified at Both NADPH and NADH increased LDCL by spermatozoa production (Roubaud et al., 1998) . Leukocytes were prepared from permeabilized with digitonin 10 µmol/l in a dose-dependent peripheral blood of human volunteers (Markert et al., 1984) .
manner. Maximal chemiluminescence was similar with a
After purification, cells were suspended at various concentrations (2000-1.6ϫ10 6 /ml) in BWW medium supplemented with diethylsaturating dose of either nucleotide, although at lower con- spermatozoa was difficult to demonstrate consistently, because
Spectrophotometric detection of cytochrome b 558
the changes in absorbance were very small and approached the sensitivity limit of the assay. There was a variation between Absorption spectra of 0.6 ml samples containing~60ϫ10 6 /ml spermatozoa were recorded in a rapid scanning spectrophotometer donors in both background and NADPH-induced rates of (Cross et al., 1985) . Spectra were also examined for cells treated cytochrome c reduction by spermatozoa. Hence, only some with 1 mmol NADPH/l, 100 nmol PMA/l or a few crystals of sodium samples, with a low background rate and good response to dithionite.
NADPH, demonstrated a SOD-inhibitable rate of NADPHinduced cytochrome c reduction that was detectably different inhibited to near basal levels by SOD 0.1 mg/ml giving a SODradish peroxidase/ml was followed on a spectrofluorimeter (excitation 563 nm, emission 587 nm) at 37°C. The reaction mixture (1.8 ml) was inhibitable rate of 0.24 Ϯ 0.017. When spermatozoa were permeabilized with 10 µmol ally increased NADPH oxidation to~1400 Ϯ 220 % (n ϭ 4) of the basal rate in intact spermatozoa. NADPH oxidation by digitonin/l, NADPH-dependent cytochrome c reduction could permeabilized cells was further increased to 3500 Ϯ 320% be demonstrated consistently. Permeabilization increased both (n ϭ 3) by the addition of 250 µmol/l lucigenin. The stimulatory basal and stimulated levels of cytochrome c reduction (nmoles/ effect of lucigenin on NADPH consumption by permeabilized min/10 8 spermatozoa, mean Ϯ SEM, n ϭ 7) to 0.21 Ϯ 0.044 cells was strongly inhibited by DPI 25 µmol/l (Figure 3 ). and 1.7 Ϯ 0.28 respectively. DPI (25 µmol/l) inhibited NADPHenhanced cytochrome c reduction by permeabilized sperm-EPR spectroscopy for O 2 -production atozoa by~70%. SOD (0.1 mg/ml) had no effect (Table I) .
Superoxide production by activated leukocytes was reflected by formation of the characteristic EPR-detectable adduct Consumption of NADPH by sperm suspensions (DEPMPO-OOH). This assay was very sensitive and O 2 -Permeabilized spermatozoa incubated with 0.3 mmol NADPH/l generation could be detected from 6000 but not 1000 leukooxidized 0.55 Ϯ 0.091 nmoles NADPH/min/10 8 spermatozoa cytes/ml. Calculated detection limits, based on the observed (mean Ϯ SEM, n ϭ 3) averaged over a 2 h incubation period.
peak amplitudes and assuming a signal-to-noise ratio of 2:1, However, the DPI-inhibitable 'oxidase-associated rate' of suggest that O 2 -production could be detected from just 2000 NADPH oxidation by permeabilized spermatozoa was only activated leukocytes/ml. A strong signal was generated by 0.09 Ϯ 0.046. Intact spermatozoa did not consume 0.3 mmol/l 1.6ϫ10 6 leukocytes/ml but was abolished by the addition of NADPH at a measurable rate. 0.1 mg/ml SOD (Figure 4a,b) . In contrast, no O 2 -production When intact spermatozoa were incubated with 1 mmol/l could be detected from 40ϫ10 6 spermatozoa/ml (Figure 4c) . NADPH, addition of 250 µmol/l lucigenin increased the basal Incubation of spermatozoa for 2 h with 10 mmol/l DEPMPO did rate of NADPH oxidation by 440 Ϯ 76% (mean Ϯ SEM, not affect motility, compared with control cells (data not shown). n ϭ 4). Addition of DPI 25 µmol/l reduced the effect of lucigenin Spectrophotometry for cytochrome b 558 to 220 Ϯ 61 % (n ϭ 3) but did not inhibit the basal level of NADPH consumption (Figure 3) .
The characteristic absorption spectra of human neutrophil cytochrome b 558 (reduced state) was not observed in suspensions Treatment of spermatozoa with digitonin 10 µmol/l dramatic- Table I . Effect of 0.1 mg superoxide dismutase (SOD)/ml or 25 µmol diphenyleneiodonium (DPI)/l on the reduction of cytochrome c 100 µmol/l. Spermatozoa were intact or permeabilized by 10 µmol/l digitonin. Values are expressed as a percentage of the rate for intact/permeabilized spermatozoa plus 2 mmol NADPH/l (mean Ϯ SEM, n ϭ 3). of human spermatozoa treated with NADPH, PMA or sodium This assay could detect the addition of 5 pmoles H 2 O 2 /ml to Discussion intact sperm suspensions. Addition of 1 mmol NADPH/l caused an immediate increase in fluorescence but this increase was The proposal that human spermatozoa contain an NADPH oxidase is largely based on two observations. Firstly, that the also observed in the absence of spermatozoa. Incubation of spermatozoa for up to 1 h with Amplex Red reagent, in the addition of NADPH to sperm suspensions increases chemiluminescence from the O 2 -probe lucigenin and secondly, that absence or presence of NADPH, caused no increase in fluorescence above cell free background levels.
this increase in chemiluminescence can be inhibited by SOD or DPI (Aitken et al., 1997; Fulton et al., 1997) . Our early results protein involved is part of an eNOS complex since in preliminary experiments neither L-argenine or N G -nitro-L- (Richer et al., 1998) , agreed closely with these data and the observation that NADPH supported cytochrome c reduction by argenine methyl ester affected NADPH-induced LDCL. Whatever the mechanism, it is clear that lucigenin is not a reliable human spermatozoa, seemed to support further the theory of NADPH oxidase activity. However, several factors gave us cause probe for O 2 -production by spermatozoa and that the majority if not all of the chemiluminesence promoted by NADPH is for concern: (i) NADPH-induced LDCL from intact or permeabilized spermatozoa was only partially inhibited by SOD; (ii) derived from redox cycling independent of O 2-production by spermatozoa themselves. The rate of NADPH oxidation by permeabilized spermatozoa showed very little sensitivity to DPI and was too low to account It is also possible for NADPH to reduce cytochrome c independently of O 2 - (Vasquez-Vivar et al., 1999) . The discrepancy for the rate of O 2 -production calculated from cytochrome c reduction. The cytochrome c assay suggested a DPIbetween rates of cytochrome c reduction and NADPH oxidation in the absence of cytochrome c coupled with the lack of inhibitable rate of O 2 -production by permeabilized cells that was 1.54 nmoles/min/10 8 spermatozoa. This rate would require sensitivity of NADPH oxidation to DPI strongly suggest that NADPH-induced cytochrome c reduction by human spermato-0.77 nmoles/min NADPH on the basis of NADPH oxidase stoichemistry. However, in the absence of cytochrome c, the zoa does not involve an NADPH oxidase. The results with intact spermatozoa indicate that cells from some ejaculates may be able DPI-inhibitable rate of NADPH oxidation was only 0.09 nmoles/ min/10 8 spermatozoa, over 8 times less than predicted. We conto produce O 2 -by an NADPH oxidase-independent mechanism, e.g. leakage of electrons from the mitochondrial electron transsider that most sources of error, e.g. diaphorase activity, would lead to an overestimate of NADPH consumption. Furthermore, port chain. On the other hand, in preliminary experiments, it was not possible to demonstrate the reduction of acetylated NADPH-induced cytochrome c reduction by permeabilized cells was insensitive to inhibition by SOD; (iii) We were unable to cytochrome c by human spermatozoa. We were unable to utilize the fluorimetric assay to confirm directly that cytochrome c detect cytochrome b 558 . This observation has since been reported by others (Armstrong et al., 1999) .
increased NADPH oxidation as cytochrome c caused a high background rate of NADPH oxidation in the absence of At about this time, as discussed above, we became aware of publications drawing attention to possible artefacts in the spermatozoa. Nevertheless, the inhibition of NADPH-induced cytochrome c reduction by permeabilized spermatozoa with DPI measurement of O 2 -with lucigenin or cytochrome c. Such artefactual O 2 -production in the presence of lucigenin has and the lack of sensitivity to SOD suggest direct reduction of cytochrome c by a sperm flavoprotein. This phenomenon has been observed with glucose/glucose oxidase (Liochev and Fridovitch, 1997) and the endothelial nitric oxide synthase been observed for several flavoenzymes with reductase activity including cytochrome P450 reductase, sulphite reductase and (eNOS) (Vasquez-Vivar et al., 1997) . In the latter system, addition of lucigenin to eNOS caused a rapid DPI sensitive oxidation NOS (Vasquez-Vivar et al., 1999) . EPR spin-trapping, although not totally free of experimental of NADPH demonstrating that lucigenin could accept electrons from the flavin component of the eNOS reductase domain. Our artefacts, is reported to be the only viable technique for detecting and quantifying O 2 - (Vasquez-Vivar et al., 1999) . We therefore observations that lucigenin increases NADPH oxidation by human spermatozoa and that this increase can be inhibited by tried to detect O 2 -production by EPR spectroscopy using the spin trap DEPMPO (Frejaville et al., 1995; Roubaud et al., 1997 , DPI indicate that a similar mechanism is operating in human spermatozoa. However, we consider it unlikely that the flavo-1998, Vasquez-Vivar et al., 1999) . Superoxide production by
